The Merkel cell-neurite complex is a unique vertebrate touch receptor comprising two distinct cell types in the skin. Its presence in touch-sensitive skin areas was recognized more than a century ago, but the functions of each cell type in sensory transduction have been unclear. Three recent studies demonstrate that Merkel cells are mechanosensitive cells that function in touch transduction via Piezo2. One study concludes that Merkel cells, rather than sensory neurons, are principal sites of mechanotransduction, whereas two other studies report that both Merkel cells and neurons encode mechanical inputs. Together, these studies settle a long-standing debate on whether or not Merkel cells are mechanosensory cells, and enable future investigations of how these skin cells communicate with neurons.
The Merkel cell-neurite complex is a unique vertebrate touch receptor comprising two distinct cell types in the skin. Its presence in touch-sensitive skin areas was recognized more than a century ago, but the functions of each cell type in sensory transduction have been unclear. Three recent studies demonstrate that Merkel cells are mechanosensitive cells that function in touch transduction via Piezo2. One study concludes that Merkel cells, rather than sensory neurons, are principal sites of mechanotransduction, whereas two other studies report that both Merkel cells and neurons encode mechanical inputs. Together, these studies settle a long-standing debate on whether or not Merkel cells are mechanosensory cells, and enable future investigations of how these skin cells communicate with neurons.
Merkel cell-neurite complexes in skin
We depend on our sense of touch to gather information about the world around us and to accomplish skilled movements. Our ability to experience the richness of our tactile environment relies on touch receptors present in the skin. Touch receptors express mechanically activated (MA) ion channels that detect and convert mechanical stimuli into electrical signals. These electrical signals are then delivered to the central nervous system (CNS), where they are processed and interpreted as touch sensations.
The sensory neurons that initiate touch sensation are called low threshold mechanoreceptors (LTMRs). LTMRs terminate in skin and are classified as Ab, Ad, or C fibers, based on their degree of myelination and action potential conduction velocities [1] [2] [3] . Both hairy and hairless skin areas contain discrete sets of LTMRs, and different types of LTMRs detect specific tactile modalities [4] . For example, lanceolate nerve endings in hair follicles respond to hair movement [5, 6] , whereas Pacinian and Meissner's corpuscles in hairless skin areas respond to vibrations of various frequencies [7] [8] [9] . The Merkel cell-neurite complex is a LTMR present in both skin types that is thought to be important for mediating gentle touch [3, 10, 11] . Interestingly, the Merkel cell-neurite complex consists of two distinct, but closely associated cell types: Ab sensory neurons, and epithelial cells known as Merkel cells.
Merkel cells are a rare population of epithelial cells present in skin of most vertebrates [12] . First identified by Friedrich Sigmund Merkel in 1875, these cells were originally described as 'Tastzellen' (touch cells) because their close association with nerve fibers led Merkel to presume that they function in touch sensation [11] . Merkel cells are indeed found in touch-sensitive areas of the skin, such as fingertips, lips, and specialized spots in hairy skin called touch domes [10, 11, 13, 14] , and they are also found in abundance in mammalian whisker follicles [15] . Among epithelial cells, Merkel cells are unique because they form close contacts with Ab sensory neurons at the epidermaldermal junction [10, 15] . The contacts between Merkel cells and afferent terminals are proposed to be anatomically similar to synaptic contacts [16] [17] [18] [19] [20] .
In 1969, Iggo and Muir provided the first functional evidence to implicate Merkel cell-neurite complexes in touch reception. By recording from touch-sensitive neurons in cat hairy skin, they demonstrated that a particular type of slowly adapting (SA) discharge was evoked by mechanical stimulation of touch domes, where Merkel cell-neurite complexes localize [10] . They found that pressure applied to a touch dome produced long-lasting action potential trains characterized by an irregular firing pattern with a large variation in interspike intervals, and they categorized this firing pattern as SA type I (SAI) [10] . SAI afferents are proposed to encode fine details of objects because of their high spatial resolution and sensitivity to object features such as points, edges, and curvature [21] .
Based on these findings, Merkel cell-neurite complexes are thought to be the touch receptors that initiate SAI responses of Ab afferents for tactile discrimination of shapes and textures [10, 22] ; however, the precise functions of Merkel cells and Ab SAI sensory afferents during touch transduction have been debated [4, 15, 22] . A key question is: which cell type is responsible for transducing mechanosensory stimuli into electrical signals? The answer to this question is not immediately obvious because the nervous system has devised two strategies for encoding sensory stimuli into neuronal signals. Sensory transduction can be accomplished either by primary sensory neurons or by epithelial-derived secondary sensory cells. For example, olfactory neurons [23] and most cutaneous LTMRs [4] are primary sensory neurons that both mediate sensory transduction and conduct neuronal impulses to the CNS. In other cases, such as taste receptor cells [24] and mechanosensory hair cells of the inner ear [25, 26] , sensory transduction is accomplished by epithelial-derived cells that release neurotransmitters to activate afferent neurons, which then convey sensory information to the CNS.
For the Merkel cell-neurite complex, a case can be made for either primary or secondary sensory cells. Because all other LTMRs are primary sensory neurons, it stands to reason that Ab SAI afferents might also be mechanosensitive. By contrast, a number of suggestive anatomical and developmental parallels have been observed between Merkel cells and the hair cells of the inner ear. They are both epithelial-derived cells innervated by sensory neurons [27, 28] . Moreover, they express the same developmental transcription factors including atonal homolog 1 (Atoh1), an essential transcription factor for development of both Merkel cells and hair cells [29] [30] [31] [32] [29, [33] [34] [35] [36] [37] [38] . For example, phototoxic ablation of Merkel cells caused decreased SAI responses in one study [38] , but showed no effect in another report [37] . A third group raised concerns about the effectiveness of this ablation method, as they found that the sensitivity to phototoxic destruction varied among Merkel cells, and that this method also had an adverse effect on afferent terminals [35] . Another study examined SA responses in the neurotrophin receptor p75 knockout mice, in which Merkel cells initially develop but are lost with age [34] . p75 knockout mice showed a normal proportion of SA responses, even after losing the majority of epidermal Merkel cells, indicating that Merkel cells are not required for touch-evoked firing in SA afferents [34] . In this study, SAI firing patterns were not analyzed in detail; therefore, it is unclear whether or not Merkel cell loss might have subtly altered SAI firing properties. Overall, these studies were not sufficient to clarify whether Merkel cells are necessary for SAI firing patterns.
More recently, complete ablation of Merkel cells was achieved in the pelage skin of mice by genetically deleting Atoh1 [29] . In these mice, touch domes develop without Merkel cells, but are innervated by myelinated afferents [29] . These mice showed a selective and complete loss of SAI firing patterns, which indicates that Merkel cells are essential components for producing SAI responses in sensory afferents [29] . These results are consistent with the hypothesis that Merkel cells are mechanosensory receptor cells; however, two other models can also explain this phenotype. First, developmental deletion of Merkel cells might have adverse effects on Ab SAI afferent development [4, 22] . Second, the firing patterns of Ab SAI afferents could differ in the absence of Merkel cells, leading them to be classified as non-SAI responses.
To qualify as a mechanosensory receptor cell, the candidate cell type should be mechanosensitive. Thus, more direct approaches have been used to ask whether Merkel cells are intrinsically mechanosensitive. In isolated rat whisker hair follicles, direct displacement of Merkel cells using a glass probe elicited robust Ca 2+ influx in these cells, and this rise in Ca 2+ was suggested to be important for synaptic transmission to the afferent nerve terminals [36] . In this setting, however, SAI afferent terminals were in contact with Merkel cells, so neuronal contribution during mechanotransduction could not be ruled out. Other groups performed similar experiments in dissociated Merkel cells to avoid this problem. In some studies, hypotonicinduced cell swelling was used as an alternative to a displacement stimulus. When dissociated Merkel cells were exposed to hypotonic solutions, a similar increase in intracellular Ca 2+ was observed [33, 39] ; however, hypotonic-induced Ca 2+ influx in Merkel cells might be a consequence of activating volume-regulatory machinery rather than mechanosensory transduction mechanisms [33] .
Most LTMRs have mechanosensitive endings that terminate in skin [40, 41] . A lack of definitive proof for mechanosensitivity of Merkel cells led some groups to conclude that SAI sensory neurons are primary mechanoreceptors, and that Merkel cells act as accessory cells [42, 43] . Indeed, it has been argued that the response latency of SAI afferents is too short to involve synaptic transmission from Merkel cells, suggesting that the afferents must be directly mechanosensitive [44] .
A third model, which posits two receptors sites, combines elements of the two previous models by proposing that both Merkel cells and Ab SAI sensory afferents are involved in mechanotransduction [45] . Supported by pharmacological studies that altered synaptic signaling, this model hypothesizes that SAI afferents mediate the initial dynamic phase of touch responses and that Merkel cells transduce the sustained, or static, phase of touch responses [17, 46, 47] . The two-receptor site model can account for both the short latency of SAI firing and the presence of a synapse between Merkel cells and SAI afferents.
Merkel cells are touch-sensitive cells with Piezo2-dependent transduction channels
Recently, important advances have been made to elucidate the function of Merkel cells in touch. Three independent studies report disparate set of experiments and provide direct evidence that Merkel cell are indeed touch-sensitive cells, and that they function as essential components of touch receptors in skin.
Two studies used a combination of mouse genetics and in vitro and intact electrophysiological recordings to examine the role of Merkel cells during touch transduction [48, 49] , whereas a third study used an ex vivo rat whisker preparation with pharmacological manipulations to elucidate Merkel cell function [50] . As an initial step, all three studies independently provided a clear answer to the question of whether Merkel cells are cell-autonomously touch sensitive. When Merkel cells were gently displaced with a glass probe, they produced robust MA currents both in vitro and ex vivo [48] [49] [50] . The biophysical properties of these currents resembled those of Piezo2, a MA ion channel expressed in somatosensory neurons [48] [49] [50] [51] . Consistent with this observation, all three groups demonstrated that Merkel cells preferentially expressed Piezo2 [48] [49] [50] . For the next step, the three studies took distinct approaches.
One group showed that Merkel cell activation alone is sufficient to induce action potential firing in Ab SAI sensory afferents by directing Channelrhodopsin-2 (ChR2) protein expression in Merkel cells [49] . This optogenetic approach allowed selective Merkel cell activation without directly exciting associated afferents. Moreover, sustained firing of SAI afferents was acutely and reversibly attenuated by optogenetically silencing Merkel cells expressing the light-gated proton pump ArchT [49] . Together, these experiments show that Merkel cell depolarization is necessary and sufficient for sustained action potential firing in SAI afferents, which directly demonstrates an excitatory connection between Merkel cells and sensory afferents [49] . Next, they examined the role of Merkel cells in SAI responses by performing ex vivo skin-nerve recordings in skin-specific Atoh1 conditional knockout (Atoh1 CKO ) mice, which lack Merkel cells in their skin. Targeted electrophysiological recordings from fluorescently labeled Ab SAI afferents revealed that SAI responses in Atoh1 CKO mice are converted to intermediately adapting (IA) firing patterns: the typical sustained firing during the static phase is truncated ( Figure 1A , middle) [49] . Interestingly, firing during the dynamic phase is reduced, but not completely abolished, confirming that Ab SAI afferents, similar to other LTMRs, are also mechanosensitive ( Figure 1A , middle) [45, 49] . Together, these results directly demonstrate that Merkel cell activation is sufficient to produce action potentials in neighboring Ab fibers, and that Merkel cells are essential to induce sustained neuronal activity in tactile afferents. Importantly, since Ab SAI afferents lacking Merkel cells showed firing during dynamic stimuli, these data provide direct support for the two-receptor site model discussed above ( Figure 1C ) [45, 49, 52] .
A different study explored the role of the recently discovered Piezo2 MA ion channel in Merkel cell mechanotransduction [48] . This report examined whether Piezo2 acts as the principal mechanotransduction molecule in Merkel cells by utilizing skin-specific Piezo2 conditional knockout (Piezo2 CKO ) mice, in which Merkel cells develop normally, but lack Piezo2 ion channels [48] . When whole cell recordings were performed in dissociated Merkel cells, MA currents were detected only in wild type Merkel cells, and not in Piezo2-ablated Merkel cells [48] . This result indicates that Piezo2 channel activity is required for intrinsic mechanosensitivity of Merkel cells. Skin-nerve recordings from touch domes of Piezo2 CKO mice showed that, although dynamic firing is normal, sustained firing is truncated, mimicking the phenotype of Atoh1 CKO mice ( Figure 1A, right) [48, 49] . The Piezo2 CKO phenotype strongly supports the two-receptor site model: the intrinsic mechanosensitivity of Ab SAI afferents is sufficient to account for dynamic firing, whereas Piezo2 activity in Merkel cells is required for SA firing ( Figure 1C) .
Interestingly, firing during dynamic stimulation differed between the Piezo2 and Atoh1 knockout models [48, 49] . The dynamic phase firing did not differ significantly between Piezo2 CKO and wild type touch domes ( Figure 1A , left and right), whereas it was attenuated in Atoh1 CKO touch domes ( Figure 1A , middle) [48, 49] . This phenotypic difference could be attributed to: (i) a requirement for Merkel cells in SAI afferent development; (ii) Piezo2-independent functions of Merkel cells in enhancing dynamic firing of SAI afferents; or (iii) the effects of Merkel cells on touch dome tissue mechanics [49] . To distinguish between these possibilities, tissue mechanics measurements and controlled ablation of Merkel cells in adult mice using an inducible system are needed.
In parallel, another group investigated the function of Piezo2 in Merkel cell mechanotransduction in isolated rat whisker follicles containing Merkel cells and associated sensory afferent bundles [50] . This report demonstrates that Merkel cells are touch-sensitive cells with rapidly inactivating MA currents and slow, regenerative calcium action potentials by patch-clamp recordings of Merkel cells in situ [50] . After recording in the presence of a Piezo2 antibody or Piezo2 small hairpin RNA (shRNA) lentiviral particles that acutely inhibited the Piezo2 activity, the authors showed that mechanosensitivity of Merkel cells is mediated via Piezo2 [50] .
Merkel cells in whisker follicles are activated by hair deformation [50] . Thus, Ikeda et al. [50] reported compound action potentials from sensory afferent bundles of the whisker follicle during whisker movement in the presence of various pharmacological inhibitors or Piezo2 knockdown ( Figure 1B) . shRNA-mediated knockdown of Piezo2 in situ reduced, but did not fully abolish, compound action potentials ( Figure 1B ) [50] . Based on these data, this study concluded that Merkel cells, rather than their associated Ab-afferent nerve endings, are primary sites of tactile transduction [50] . However, the presence of action potentials following Piezo2 knockdown in the whisker follicle is consistent with observations in mouse touch domes that support the two-receptor site model ( Figure 1C) .
Although some differences were observed in action potential firing properties of tactile afferents in semi-intact systems across these studies, these discrepancies can be attributed to differences in experimental approaches and model systems utilized by each group. For instance, the two mouse studies used genetic manipulations to specifically ablate either Merkel cells or the Piezo2 protein in Merkel cells, whereas the rat whisker study used biochemical and pharmacological manipulations to block Piezo2 channel function in situ [48] [49] [50] . In the latter setting, a local application of these reagents to Merkel cells can also impact the sensory nerve terminals. Piezo2 is expressed in sensory afferents in addition to Merkel cells [48, 53, 54] ; therefore, Piezo2 knockdown by shRNA molecules might occur in the associated afferents, although the study reported that Piezo2 knockdown is specific to Merkel cells [50] . By contrast, gene knockout studies using mouse models can also introduce compensation for constitutive deletion of genes during development, compared to the acute ablation of proteins by pharmacological reagents. Another possibility is that SA afferents in different anatomical locations might utilize distinct transduction mechanisms.
Collectively, three studies convincingly showed that Merkel cells play an instructive role in mechanosensitivity of Merkel cell-neurite complexes: Merkel cells transduce mechanical stimuli into electrical signals through Piezo2, and consequently induce action potentials in SAI afferents through activation of voltage-gated Ca inactivates within a few milliseconds, a small steady-state current is observed during mechanical stimulation of Merkel cells (Figure 3 , right) [48] . Merkel cells have a high membrane resistance; therefore, a small, long-lasting Piezo2-dependent current produces a large sustained depolarization in Merkel cells (Figure 3 , right) [48] [49] [50] 55] . This prolonged depolarization of Merkel cells can consequently contribute to slowly adapting firing in SAI afferents ( Figure 3 ). Indeed, Merkel cells' ability to produce sustained depolarization via Piezo2 could be one of the reasons why a two-receptor-site mechanism has evolved: an elegant way to utilize a rapidly inactivating MA ion channel to generate SA firing of a LTMR. Now that the function of Merkel cells during touch transduction is clear, it will be informative to reveal the contribution of sensory afferents during mechanotransduction. Indeed, a recent study reports that the ablation of Piezo2 in both Merkel cells and sensory neurons leads to a profound loss of touch sensation in mice, suggesting that Piezo2 is the major transducer of cutaneous LTMRs [54] .
How do Merkel cells communicate with SAI sensory neurons?
To understand mechanosensory signaling in Merkel cellneurite complexes, the next important question to address is: how do Merkel cells excite SAI afferents? Ultrastructural studies and molecular profiling suggest that Merkel cells are presynaptic cells that communicate with afferent nerve terminals through synaptic transmission [10, 20, 30, 56, 57] . Microarray analysis of purified Merkel cells from mouse skin has identified presynaptic active zone molecules, synaptic vesicle proteins, and molecules involved in neuropeptide production and excitatory glutamate release [30] . Ultrastructural studies have identified the accumulation of dense-core vesicles in Merkel cell cytoplasm near the nerve contact site [10, 20, 56, 57] . These vesicles have been reported to contain both classic neurotransmitters [e.g., serotonin (5-HT)] and neuropeptides [e.g., vasoactive intestinal peptide (VIP), calcitonin gene-related peptide (CGRP), substance P, met-enkephalin, and cholecystokinin octapeptide (CCK8)] [20, 30, [58] [59] [60] [61] [62] [63] [64] . Functional evidence also supports a role for glutamatergic signaling between Merkel cells and their afferent terminals [16, 17, 30, 65, 66] . Our current model suggests that Merkel cells transduce the static phase of the SAI response in addition to shaping the dynamic response either directly or indirectly [48] [49] [50] . It will be important to determine how Merkel cells regulate the release of neurotransmitters during touch-evoked responses, and what roles these molecules play during the two phases of SAI responses.
To elucidate mechanisms of crosstalk between Merkel cells and tactile afferents, two studies applied pharmacological inhibitors such as voltage-gated calcium channel (VGCC) blockers in situ to disrupt Merkel cell depolarization during touch transduction [50, 67] . They found that VGCC blockers inhibited responses in sensory afferents. However, VGCCs are also expressed in sensory afferents, so it is possible that these blockers have effects on both Merkel cells and sensory afferents. To avoid this uncertainty, genetic manipulations, such as a genetic inhibition of the neurotransmitter release from Merkel cells by disrupting a synaptic vesicle formation or release, or an ablation of VGLUTs in Merkel cells to block glutamate release, will be useful to elucidate the nature of Merkel cell-neurite crosstalk [22] . What is the role of Merkel cells in touch-evoked behaviors? Different classes of LTMRs are tuned to selectively respond to specific mechanical stimuli (e.g., vibration, hair deflection, static pressure) [4, 40] . What is special about the information that SAI afferents send to our brain that it warrants a dedicated cell type in the epidermis? First, SAI afferents densely innervate the skin (approximately 100 per cm 2 in our fingertips) [68] . Second, they have high sensitivity to points, edges and curvature [21] . Third, they have high spatial resolution as individual SAI afferents resolve spatial detail of 0.5 mm, which is much smaller than their receptive field diameter of 2-3 mm [21] . Thus, SAI afferents have long been postulated to encode curvature, edges, and textures [21] . Their sustained electrophysiological responses also indicate that they convey information about static mechanical stimuli [10, 21] .
Until recently, it was difficult to determine whether SAI responses are necessary for either pressure detection or shape and texture discrimination in vivo. The advent of skin-specific Atoh1 and Piezo2 genetic silencing provides an opportunity to test the requirement for Merkel cells in One study subjected skin-specific Atoh1 knockout mice (Atoh1 CKO ), in which Merkel cells are depleted in skin, to texture discrimination tasks [69] . Female Atoh1 CKO mice showed a lack of preference for textured surfaces that wild type mice display, thus this result implicates the role of Merkel cells in texture discrimination [69] . A second study tested skin-specific Piezo2 knockout mice (Piezo2 CKO ) for a wide range of behavioral assays that examined both innocuous and noxious touch responses [48] . Piezo2 CKO mice containing Merkel cells that lack Piezo2 channels showed normal responses to most behavioral assays [48] . However, in a paw withdrawal test using von Frey filaments, these mice showed a deficit in sensing gentle touch stimuli [48] . These mice displayed decreased paw withdrawal responses to low force von Frey filaments, whereas they responded normally to filaments with higher force [48] . This data suggests that Merkel cells function in sensing gentle pressure on skin. Lastly, another group induced sensitization of the face of a rat for easier interpretation of behavioral responses [50] . Capsaicin was injected into the whisker pad to provoke tactile allodynia, a condition in which innocuous mechanical stimuli are perceived as painful [50, 52] . When the whisker hairs were gently bent to activate Merkel cell-neurite complexes in capsaicin-injected rats, animals showed nocifensive behavior that was blocked by Piezo2 knockdown in vivo [50] . These findings suggest that understanding the molecular mechanism of Merkel cell-neurite mechanotransduction could potentially lead to therapeutic benefits to treat pain. With appropriate animal models in hand that specifically suppress Merkel cell function, we expect future studies to identify additional sensory behaviors that depend on Merkel cells.
Do Merkel cells shape responses of other cutaneous afferents?
Recent studies have suggested that touch domes are innervated by other fiber types in addition to Ab afferents. Human touch domes are innervated by thickly myelinated, thinly myelinated and unmyelinated afferents that likely correspond to Ab, Ad, and C fibers, respectively [70] . In mouse skin, some touch domes have been reported to contain both thickly myelinated Ab afferents and thinly myelinated, likely Ad, afferents that contact Merkel cells [55] . Moreover, in neonatal touch domes, Merkel cells are innervated by two types of afferents: NFH + Ab fibers and Ret + /TrkA + unmeylinated or thinly myelinated fibers [71] . The existence of other fiber types innervating Merkel cells in touch domes strongly suggests additional functions for Merkel cell-neurite complexes. Indeed, the modulation of SAI responses by nociceptive C fiber activation within touch domes has been observed [72] . Whether Merkel cells confer slowly adapting firing or otherwise shape firing properties of other afferent types needs to be elucidated.
Concluding remarks
Nearly 50-year-old mysteries of Merkel cell-neurite complexes are now at least partly solved: Merkel cells are touch-sensitive cells that transduce mechanical stimuli through Piezo2 MA cation channels, and they are required for proper output of SAI responses in tactile afferents. Moreover, the Merkel cell-neurite complex is a unique cutaneous sensory receptor containing two receptor cell types that mediate different aspects of touch-induced responses. The next important question to solve is the nature of the crosstalk between Merkel cells and tactile afferents to elucidate the molecular mechanisms used by Merkel cells for their subsequent effect on SAI responses. Moreover, analysis of neural circuits that receive SAI inputs [73] is needed to define how SAI afferents and the curious epidermal cells they innervate impact sensory coding. The field is now poised to answer these questions.
